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. However, the pull-down now exhibited a strong capacity (Bokoch, 2003) .
Here we provide evidence that Pak1 acts as a RhoGDI to phosphorylate RhoGDI. Finally, we examined whether pure, recombinant Pak1 could directly phosphorylate kinase in vitro and in vivo, and demonstrate a specific effect of phosphorylation on Rac/RhoGDI association.
RhoGDI. We observed a clear concentration-dependent phosphorylation of RhoGDI by Pak1 ( Figure 2D ). SubseThe interaction of Pak1 with RhoGDI appears to represent a novel mechanism for the regulation of Rac quent examination of the DEAE and AcA54 column fractions by immunoblotting revealed the presence of both GTPase signaling.
Pak1 and Cdc42 in fractions containing RhoGDI kinase activity ( Figures 1C and 1D shows that phosphorylation of RhoGDI was induced by the catalytically active Pak1 kinase, but not by the inacserine and threonine residues (neutrophils and brain) and tyrosine residues (neutrophils). In order to identify tive kinase-dead Pak1 or Pak1 wt. We verified the phosphorylation of endogenous RhoGDI as well by 2D chrothe kinase(s) that phosphorylate RhoGDI, we purified RhoGDI kinase activity from bovine brain cytosol using matography and immunoblot ( Figure 3B ). A shift in the mobility of RhoGDI was observed that was consistent sequential DEAE anion exchange chromatography and size exclusion chromatography ( Figures 1A and 1B) . A with the addition of phosphate groups in the presence of active Pak1
T423E,L107F
, but not in vector controls or upon single major peak of RhoGDI kinase activity was observed after DEAE fractionation, and this remained as expression of equal amounts of kinase-dead Pak1
K299A
. These data indicate that Pak1 functions as a RhoGDI a single peak on the subsequent gel filtration step. Attempts to purify the RhoGDI kinase to homogeneity via kinase when expressed in intact 293T or HeLa cells. Possible in vivo interactions between endogenous additional chromatographies led to a substantial loss of kinase activity (due to an ultimate separation of Rac and RhoGDI and Pak1 were evaluated by coimmunoprecipitation. Figure 4A shows that there is substantial coimmuCdc42 from Pak1; see following). We therefore characterized the biochemical properties of the RhoGDI kinase noprecipitation of the active form of Pak1 with RhoGDI. In contrast, there was only slight interaction of Pak1 wt eluted from the Aca54 column. RhoGDI phosphorylated by the partially purified RhoGDI kinase (AcA54 fractions with RhoGDI, while kinase-dead Pak1 failed to interact with RhoGDI. This data indicates the formation of a rela-16-25) was subjected to phospho-amino acid analysis and was found to contain phosphate exclusively on sertively stable complex between Pak1 and RhoGDI that is dependent upon Pak1 being in an active state capable ine residues (data not shown).
In order to analyze the pharmacological properties of of substrate binding and phosphorylation. Interestingly, only the catalytically active C terminus, but not the RhoGDI kinase, we studied its activity toward recombinant RhoGDI in an in vitro kinase assay in the absence or N-terminal regulatory domain, of Pak1 binds RhoGDI ( Figures 4B and 4C ). Taken together, these results dempresence of various serine/threonine kinase inhibitors. we generated recombinant RhoGDI in which Ser101 and protein. Nevertheless, these data support the in vitro phosphorylation data indicating that the modification of Ser174 were replaced with Glu as a phospho-mimetic substitution. RhoGDI S101A/S174A binds to Rac1 and RhoA these two serine residues by Pak1 modulates the binding of Rac1 to RhoGDI. as efficiently as wild-type RhoGDI in an in vitro binding assay. However, Rac1 binding was reduced by ‫%04ف‬
In order to verify the in vitro results, we examined Rac1 binding to RhoGDI in intact cells in which RhoGDI in RhoGDI S101E/S174E (data not shown). It is possible that the replacement of serine residues with glutamic acid was phosphorylated by Pak1. Figure 6A shows that in vector-transfected cells, Rac1 efficiently coprecipitates may not fully mimic the phosphorylation state of the of Rac from resting complexes with RhoGDI. We obBoth Ser101 and Ser174 border the hydrophobic preserved that expression of Cdc42 Q61L in HeLa cells stimunyl binding cleft of RhoGDI on its solvent-exposed surlated significant formation of Rac1-GTP ( Figure 7A ). This face (Hoffman et al., 2000) . These residues are within stimulatory effect of Cdc42 Q61L was blocked (Ͼ90% de-9 Å of each other and are both ‫11ف‬ Å away from the crease) by the expression of the Pak1 autoinhibitory C-terminal prenyl group of the GTPase in the binding domain (PID), but was not affected when an inactive pocket. We speculate that the presence of negative version of the inhibitory domain (PID
L107F
) was expressed. charges at these sites as a result of phosphorylation Similar results were obtained with an activated but noninduces a conformational change that destabilizes bindRhoGDI binding Cdc42 G12V,R66E mutant (see Supplemental ing of the prenyl group, thereby decreasing the affinity Figure S3 ), indicating that our results were not due to of RhoGDI for GTPase. This change in the prenyl binding the interaction of the expressed Cdc42 Q61L protein with hydrophobic pocket may result from mutual repulsion RhoGDI. These data indicate that at least part of the of the closely opposed negatively charged Ser101 and action of Cdc42 to stimulate Rac activation is due to Ser174 residues. We note that phosphorylation of both a Pak kinase-dependent mechanism, consistent with of these sites appears to be required for Rac dissociaphosphorylation-induced release from RhoGDI. tion, as PKA-induced phosphorylation of Ser174 alone Similarly, growth factor stimulation of Rac activity by was insufficient to cause GTPase release ( Figure 6D ).
PDGF and EGF has been demonstrated. We observed In accord with this hypothesis, we observed that significant dissociation of the Rac1-RhoGDI complex in phosphorylation of RhoGDI in preformed Rac1-RhoGDI response to these growth factors which was substancomplexes induced the dissociation of Rac1 from the tially inhibited when endogenous Pak1 provides a selective mechanism for regulation of We speculate it might relate to differences in the interacRac GTPase activity, and supports the view that distinct tion of specific residues in each GTPase with the hymechanisms are involved in the stimulus-induced redrophobic pocket near the sites of phosphorylation. An indirect effect of Pak1 mediated through the interaction lease, and activation, of individual Rho family GTPases.
Kinase Assays
We do not mean to suggest that this is the only mechaKinase activity was determined as described in Knaus et al. (1995) nism for plates and were transfected with 4 g vector DNA or 1 g RhoGDI All RhoGDI constructs (human RhoGDI S101A, S174A, S101/174A, constructs (wt, S101A, S174A, S101/174A) and 3 g Pak1 constructs S101/174E) were inserted into pCMV6 with a C-terminal His epitope, using 20 l of LipofectAmine. At 24 hr posttransfection, cells were and mutants were prepared by site-directed mutagenesis using washed and incubated at 37ЊC and 5% CO RhoGDI proteins overnight at 4ЊC. The resulting complexes were M NaCl (3 ml fractions were collected) and from 0.25 to 0.4 M NaCl washed three times with 25 mM Tris-HCl, pH 7.5, 1 mM DTT, 5 mM (1 ml fractions were collected). A final elution with 1 M NaCl was MgCl2, 1 mM EDTA, 0.1% Chaps to remove free RhoGDI. 50 nM of performed (3 ml fractions were collected). Fractions were subjected the complex was subjected to in vitro kinase assay with 0.5 mM to RhoGDI kinase assay in vitro as described below, and RhoGDI unlabeled ATP for 20 min at 30ЊC in the presence of 1 M of GSTphosphorylation was detected by autoradiography after SDS-PAGE. ). An AcA 54 column was preequilibrated in buffer A supplemented with 150 mM NaCl. The concentrated DEAE fractions were applied to the AcA54 column at a flow rate of a 0.5 ml/min and 1 ml fractions GTPase Activation Assay HeLa cells stably transfected with EGFP-tagged Pak PID wt or were collected. RhoGDI kinase activity eluted at an apparent size of ‫09ف‬ kDa, based on known protein standards.
EGFP-tagged Pak PID L107F were cultured on 10 cm dishes and
